ABSTRACT Taste perception is a crucial biological mechanism affecting food and water choices and consumption in the animal kingdom. Bitter taste perception is mediated by a G-protein-coupled receptor (GPCR) family-the taste 2 receptors (T2R)-and their downstream proteins, whereas sweet and umami tastes are mediated by the GPCR family -taste 1 receptors (T1R) and their downstream proteins. Taste receptors and their downstream proteins have been identified in extra-gustatory tissues in mammals, such as the lungs and gastrointestinal tract (GIT), and their GIT activation has been linked with different metabolic and endocrinic pathways in the GIT. The chicken genome contains three bitter taste receptors termed ggTas2r1, ggTas2r2, and ggTas2r7, and the sweet/umami receptors ggTas1r1 and ggTas1r3, but it lacks the sweet receptor ggTas1r2. The aim of this study was to identify and determine the expression of genes related to taste perception in the chicken GIT, both at the embryonic stage and in growing chickens. The results of this study demonstrate for the first time, using real-time PCR, expression of the chicken taste receptor genes ggTas2r1, ggTas2r2, ggTas2r7, ggTas1r1, and ggTas1r3 and of their downstream protein-encoding genes TRPM5, α-gustducin, and PLCβ2 in both gustatory tissuesthe palate and tongue, and extra-gustatory tissuesthe proventriculus, duodenum, jejunum, ileum, cecum, and colon of embryonic day 19 (E19) and growing (21 d old) chickens. Expression of these genes suggests the involvement of taste pathways for sensing carbohydrates, amino acids and bitter compounds in the chicken GIT.
INTRODUCTION
Taste perception evolved in the animal kingdom for survival, to enable distinguishing between beneficial nutrients such as carbohydrates and amino acids, and harmful and potentially toxic substances. Bitter taste perception is mediated by bitter taste receptors (called taste 2 receptor [T2Rs) belonging to the guanine nucleotide-binding regulatory protein (G-protein)-coupled receptor (GPCR) super family (Rozengurt, 2006) , with varying numbers in mammals: 25 functional genes in humans, 35 in mouse, 14 full-length in dog, and 11 in cows (Meyerhof, 2005; Go, 2006) . Sweet and umami taste perception is elucidated similarly by GPCRs belonging to the taste 1 receptors (T1R) family. The members of the T1R family, which include Tas1r1, Tas1r2, and Tas1r3 in mammals, function as molecular complexes, with the Tas1r2-Tas1r3 sory mechanisms is still under investigation (Rozengurt, 2006; Bezencon et al., 2007; Rozengurt and Sternini, 2007 Kinnamon, 2012; Kaji et al., 2013; ) . In chicken, taste research has mainly focused on taste bud development, morphology, and localization (Ganchrow and Ganchrow, 1985; Ganchrow and Ganchrow, 1987; Ganchrow et al., 1995; Kudo et al., 2010a) . Chicken taste bud development occurs prenatally, and is completed by embryonic day 19 (E19) (Ganchrow and Ganchrow, 1987) . Unlike in humans, chickens taste buds are located mainly in the upper palate (69%) and lower palate (29%), and only a small percentage are found in the posteroventrolateral region of the anterior tongue (2%) (Ganchrow and Ganchrow, 1985) . Following its complete sequencing in recent years, it is now known that the chicken genome contains only 3 T2Rs-ggTas2r1, ggTas2r2 (both similar to the human hTas2r39 and hTas2r40 gene groups), and ggTas2r7 (similar to the human hTas2r7 and hTas2r9 gene groups) (Go, 2006; Lagerstrom et al., 2006) , and only 2 of the 3 T1R members: ggTas1r1 and ggTas1r3, while the Tas1r2 is missing from the chicken genome with no pseudo gene (Go, 2006; Lagerstrom et al., 2006; Shi and Zhang, 2006) . The aim of this research was to verify the expression of the taste receptor genes ggTas2r1, ggTas2r2, ggTas2r7, ggTas1r1, ggTas1r3, and those encoding their downstream signaling proteins-α-gustducin, PLCβ2, and TRPM5 in the chicken GIT, and to compare their expression levels during the embryonic period (E19) to that in growing (21 d old) broilers. The GIT segments of 6 E19 chicken embryos and six 21 d old broilers were used. Gene expression was verified using RT-PCR and real-time PCR in the following GIT tissues: tongue, palate, ventriculus, duodenum, jejunum, ileum, cecum, and colon. Expression was then compared between the 2 developmental periods as well as among the different tissues.
MATERIALS AND METHODS

Birds and Procedures
All procedures followed established guidelines for animal care and handling and were approved by the Hebrew University Institutional Animal Care and Use Committee (OPRR-A01-5011). Intestinal samples were obtained from 6 embryos on E19 and six 21 d old broilers (21d), all Cobb 500 strain broiler chickens (Gallus gallus). The E19 embryos were incubated under standard conditions at the Department of Animal Sciences of the Hebrew University (Rehovot, Israel). The 21 d old broilers were reared following standard commercial guidelines and feed formulated to meet National Research Council (1994) requirements as appropriate (see Table 1 ), offered ad libitum with freely available water.
Tissue Sampling and RNA Extraction
Upper palate, tongue, proventriculus (true stomach), ventriculus (gizzard), the 3 segments of the small intestine-duodenum, jejunum and ileum, and the cecum and colon were removed from the embryos and broiler chickens and kept in RNA-Save (Biological Industries, Beit Haemek, Israel) according to the manufacturer's instructions until RNA isolation. Palate was removed as a whole tissue excluding bone and cartilage; in the stomachs (proventriculus and gizzard), only the lining tissue was removed for analysis (excluding excess muscle); in the intestinal tissues a 2-cm section from the mid area of the tissue was removed and the inner lining tissue was used for the analysis. Total RNA for RT-PCR and real-time PCR was isolated from the collected tissues using Animal Tissue RNA Purification Kit (NorgenBiotek Corp., Ontario, Canada), which includes on-column DNase digestion for elimination of genomic (g) DNA.
Primer Design and RT-PCR
cDNA was synthesized using 1.0 μg total RNA and the Verso RT-PCR Kit (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's protocol. To assess the relative mRNA abundance of ggTas2r1, ggTas2r2, ggTas2r7, ggTas1r1, ggTas1r3, PLCβ2, TRPM5 , and the housekeeping gene β-actin, gene-specific primers were used according to the published cDNA sequences. Primers were either designed with the aid of Primer-BLAST (Ye et al., Table 2 . Primers used for RT-PCR analysis of palate, tongue, proventriculus, ventriculus, duodenum, jejunum, ileum, cecum, and colon gene expression in chicken embryo (E19) and growing broiler (21 d). 2012) or taken from previous work (Van Herch et al., 2012) , and are listed in Table 2 . Since bitter taste receptors (T2Rs) sequences are encoded by a single exon sequences, a gDNA contamination control is required to validate the identity of the PCR results. Chicken gDNA was therefore purified using the GeneJET Genomic DNA purification column and collection tube (Thermo Fisher Scientific) as a negative/positive control with specific gDNA primers. In addition, when possible (in ggTas1r1, TRPM5, PLCβ2, , either exon-spanning or intron-including primers (primers designed to include a full intron within the amplicon) were used. PCR fragments were validated by running samples on a 1.5% agarose gel, excising bands of the correct sizes for purification using the Gel/PCR DNA Fragment Extraction Kit (Geneaid Biotech, Bade City, Taiwan), and sequencing (at the Weizmann Institute of Science, Rehovot, Israel).
Determination of mRNA Abundance by Real-time PCR
Real-time PCR was performed on a StepOne (Applied Biosystems, Foster City, CA) instrument. Specific primers for SYBR green detection were generated as described above for ggTas2r1, ggTas2r2, ggTas2r7, ggTas1r1, ggTas1r3, PLCβ2, TRPM5 and the housekeeping genes β-actin and Cyc A according to their published cDNA sequences (Table 3 ). All primers were designed for an annealing temperature of 60
• C (±3
• C) and were compatible for forward and reverse primers (which were up to 3
• C apart). Amplicon lengths for real-time PCR were between 80 and 200 bp. The PCR mixture consisted of 3.0 μL cDNA sample diluted 1:5, 200nM of each primer, 10μL Platinum SYBR Green qPCR super mix-UDG (Invitrogen, Carlsbad, CA) and 0.4 μL ROX reference dye in a final volume of 20μL. All PCRs were performed in duplicate in MicroAmp Fast Optical 96-well reaction plates (Applied Biosystems) closed with MicroAmp optical adhesive film (Applied Biosystems) under the following conditions: 50
• C for 2 min, 95
• C for 2 min, and 40 cycles of 95
• C for 30 s and 60
• C for 1 min. In addition, to verify amplification of a single product, a stage with a temperature increment to generate a melt curve was determined under the following conditions: 95
• C for 15 sec, 60
• C for 1 min followed by 0.3
• C increment from 55 • C to 95 • C. To control for false positives, a non-template control was run for each template and primer pair. Primers and fragments were validated by gel electrophoresis. Single bands with the predicted product size for each gene tested were excised for purification using a Gel/PCR DNA Fragment Extraction Kit (Geneaid Biotech) followed by sequencing (Weizmann Institute of Science).
Housekeeping Genes for Internal Control
To select the most stable housekeeping genes to serve as internal controls for the real-time PCR analysis, we used RefFinder online software (http://www.leonxie.com/referencegene.php), which integrates several computational programs (geNorm, Normfinder, BestKeeper, and the comparative ΔΔCt method) to compare and rank the tested candidate reference genes. In addition, all potential housekeeping genes were statistically tested for significant differences among the tested tissues, developmental time points, and their interaction using JMP Pro 10 software (SAS Institute, 2006, Cary, NC) . The GIT was divided into 2 separate regions: the upper GIT, which included the palate, tongue, and gizzard, and the lower GIT, which included the duodenum, jejunum, ileum, cecum, and colon. The geometric average of β-actin and Cyc A was found to be the most stable reference with no significant differences (P > 0.05) among the tested regions (upper vs. lower GIT), days (E19 vs. 21 d) and their interaction (region × day) using a full factorial 2-way ANOVA model.
mRNA Abundance (Fold Change) Calculation Using the Comparative Ct Method
To validate the ΔΔCt method, serial dilutions (1:1, 1:5, 1:25, 1:125, and 1:625) of pooled GIT cDNA samples were performed for each tested developmental time point(E19 and 21d). Efficiencies of all of the tested genes and housekeeping genes were calculated. Cycle threshold (Ct) values for each sample were calculated using StepOne software v2.1 and gene expression was normalized against the geometric average of β-actin and Cyc A. For the comparative ΔΔCt method, 2 ways of analyzing changes in mRNA abundance were chosen: (1) comparing the relative expression among the tissues in each region (upper GIT tissues separately from lower GIT tissues) on each tested time point (E19 and 21d separately). A control tissue was chosen for each region (palate and duodenum for upper and lower GIT, respectively). Fold changes were calculated relative to the level of the chosen control tissue on each day. (2) Comparing the relative expression of the tested genes between the time points in each tissue (within a region; upper GIT and lower GIT separately). Fold changes were calculated relative to the level of each gene on E19 (the 2 regions were analyzed separately).
Statistical Analysis
Relative gene expression in each region (upper or lower GIT) was compared to a chosen control tissue (palate for upper GIT and duodenum for lower GIT) using a t-test according to the following model (significantly different means were marked with an asterisk):
With Tissue (tested or control) as the main fixed effect.
Relative expression was compared among the tested tissues in each region (upper or lower GIT) within each sampling day according to the following model:
with Tissue (palate for the upper GIT and duodenum for lower GIT) as the main fixed effect. Tukey-Kramer HSD test was used to test the separation of the means (significantly different means were marked with different superscript lowercase letters). Results are presented for Treatment LSMeans ± SEM (method 1; Figures 2-5).
Comparison of the relative expression of each tested gene separately between days in each tissue (within a region-upper GIT and lower GIT separately) was performed by comparing the fold changes relative to the level of each gene at E19 as the chosen control, using a t-test according to the following model (significantly different means were marked with an asterisk):
with Day as the main fixed effect.
A comparison between the genes on day 21 in each section (upper or lower GIT) was performed using 1-way ANOVA according to the following model:
With gene (expression level for each tested gene) as the main fixed effect. Tukey-Kramer HSD test was used to test separation of the means (significantly different means were marked with different superscript lowercase letters). Results are presented for Treatment LSMeans ± SEM (method 2; Figures 6 and 7) .
For all analyses, P < 0.05 was considered significant. These statistical analyses were conducted with JMP Pro 10 software (SAS Institute, 2006) .
RESULTS
RT-PCR Analysis of Taste-transduction Genes
mRNA for RT-PCR analysis was isolated from the upper palate, tongue, proventriculus (true stomach), ventriculus (gizzard), duodenum, jejunum, ileum, cecum, and colon and reverse-transcribed as described in the material and methods section. Transcripts of ggTas1r1 and ggTas1r3, all 3 ggT2Rs (ggTas2r1, ggTas2r2, and ggTas2r7 (and the downstream signaltransduction genes α-gustducin, PLCβ2, and TRPM5 were detected in all tissues analyzed on both days tested (E19 and 21d) with varying levels of expression. A Figure 1 . RT-PCR demonstrating taste receptors and tastetransduction molecules in E19 and 21 d old chicken GIT. Templates were cDNA prepared from RNA isolated from tongue, palate, proventriculus, ventriculus, duodenum, jejunum, ileum, cecum, and colon, as well as a chicken gDNA control. cDNA-amplified products of the expected sizes were obtained for ggTas2r1 (434 bp), ggTas2r2 (415 bp), ggTas2r7 (119 bp), α-gustducin(357bp), PLCβ2 (404 bp), TRPM5 (357 bp), ggTas1r1 (151 bp), ggTas1r3 (161 bp), and the housekeeping gene β-actin (105 bp). Primers for α-gustducin and PLCβ2 were designed as intron-inclusion primers (both >1,000 bp). Primers for TRPM5, ggTas1r1 and β-actin were designed as exon-spanning, and therefore no product is seen in the gDNA control. PLCβ2 -phospholipase Cβ2; TRPM5-transient receptor potential melastatin 5. control for gDNA contamination was performed for all tissues tested and was shown to be negative (Figure 1 ).
Real-time PCR Analysis of Taste-transduction Genes
Real-time PCR was used to determine the expression levels of the sweet, umami, and bitter taste receptors and downstream signal-transduction protein transcripts in the different GIT tissues in the chicken embryo and growing broiler (E19 and 21 d, respectively), including the palate, tongue, gizzard, duodenum, jejunum, ileum, cecum, and colon. Based on physiological functions and differences in housekeeping genes expression between the upper part of the GIT (palate, tongue, and gizzard) and its lower part (duodenum, jejunum, ileum, cecum, and colon), the results were analyzed separately for the upper and lower GIT regions: for each region and developmental day, there was no significant difference in the housekeeping genes' expression (geometric average of β-actin and cyclophilin (Cyc A) A). All expression levels are shown as fold change calculated using the ΔΔCt method of (Pfaffl, 2001 ) (for detailed analysis, see "determination of mRNA abundance by real-time PCR" in the Material and Methods section).
First, we compared the mRNA expression of the tested genes between the different tissues in each region-upper (Figures 2 and 4) 
mRNA Expression on E19
Comparing expression of the T2Rs in the upper GIT tissues on E19 showed significantly higher abundance of ggTas2r7 mRNA in the palate compared to the tongue and gizzard; abundance of ggTas2r1 and ggTas2r2 mRNA was not significantly different between the upper GIT tissues (Figure 2A ). With respect to downstream signal transduction in the upper GIT on E19, mRNA of all tested genes was significantly less abundant in the gizzard compared to the palate, and α-gustducin mRNA was also significantly less abundant in the tongue than in the palate ( Figure 2B ). For the T1R genes, abundance of ggT1R3 mRNA in the gizzard was significantly lower than in the palate. No other significant differences in T1R mRNA abundance were found in the upper GIT on E19 ( Figure 2C ). In the lower GIT there were no significant differences between mRNA abundance of the T2Rs and T1Rs ( Figure 3A and C, respectively). α-Gustducin mRNA was significantly more abundant in the duodenum and cecum compared to the jejunum and ileum. There were no significant differences in PLCβ2 and TRPM5 mRNA expression in the lower GIT ( Figure 3B ).
mRNA Expression at 21d
Comparing T2R expression between the upper GIT tissues in 21 d old broilers showed significantly higher ggTas2r2 mRNA abundance in the tongue compared to the palate. In addition, ggTas2r7 mRNA abundance in the gizzard was significantly lower than that in the palate or tongue ( Figure 4A ). mRNA abundance of the signal-transduction protein α-gustducin was significantly higher in the palate than in the tongue or gizzard. PLCβ2 and TRPM5 mRNA abundance was similar among the tissues of the 21d upper GIT ( Figure 4B ). mRNA abundance of T1Rs in the gizzard was significantly lower than in the palate ( Figure 4C ). In the 21d lower GIT tissues, the three T2Rs and α-gustducin were more highly expressed in the colon than in the other GIT tissues, with no significant differences in PLCβ2 or TRPM5 ( Figure 5A and B, respectively). mRNA abundance of the T1Rs in the colon was significantly higher than in the duodenum, although it did not differ significantly from that in the other lower GIT tissues ( Figure 5C ). , and TRPM5; panel B) and T1Rs (ggTas1r1, ggTas1r3; panel C) in the lower GIT (duodenum, jejunum, ileum, cecum, and colon) of chicken embryos on E19 with the duodenum serving as the control (relative expression set to 1; n = 6). Values are presented as mean fold change ± SEM. Differences between tissues within a gene: means without a common letter differ significantly (P < 0.05); differences between the tested tissues (jejunum, ileum, cecum, and colon) and the control tissue (duodenum) within a gene: means with an asterisk differ significantly from the duodenum. a-gust-α-gustducin; PLCb2-phospholipase Cβ2; TRPM5-transient receptor potential melastatin 5. T1Rs (ggTas1r1, ggTas1r3; panel C) in the upper GIT (palate, tongue, and gizzard) of 21 d old broilers, with the palate serving as the control (relative expression set to 1; n = 6). Values are presented as mean fold change ± SEM. Differences between tissues within a gene: means without a common letter differ significantly (P < 0.05); differences between the specific tested tissue (tongue or gizzard) and the control tissue (palate) within a gene: means with an asterisk differ significantly from the palate. a gust-α-gustducin; PLCb2-phospholipase Cβ2; TRPM5-transient receptor potential melastatin 5.
Comparison of the expression levels of the T2Rs, signal-transduction proteins and T1Rs was performed between the 2 tested days (E19 and 21 d) in the upper ( Figure 6 ) and lower (Figure 7) GIT; E19 expression was used as the control for the ΔΔCt method for each gene tested and was set to 1.
Upper GIT Expression
Comparisons in the upper GIT tissues showed no significant differences in expression among the 3 bitter taste receptors (T2Rs) in each specific tested tissue ( Figure 6A ). However, in a comparison between ages, ggTas2r2 and ggTas2r7 mRNA expression was significantly higher on E19 compared to 21d in the palate and tongue; where as in the gizzard, ggTas2r2 mRNA abundance was significantly lower on E19 compared to 21 d.
A look at the signal-transduction genes in the upper GIT tissues showed that in the palate, expression levels of PLCβ2 and TRPM5 were significantly higher than that of α-gustducin, where as in the tongue and gizzard, T1Rs (ggTas1r1, ggTas1r3; panel C) in the lower GIT (duodenum, jejunum, ileum, cecum, and colon) of 21 d old broilers with the duodenum serving as the control (relative expression set to 1; n = 6). Values are presented as mean fold change ± SEM. Differences between tissues within a gene: means without a common letter differ significantly (P < 0.05); differences between the specific tested tissue (jejunum, ileum, cecum, and colon) and the control tissue (duodenum) within a gene: means with an asterisk differ significantly from the duodenum. a gust-α-gustducin; PLCb2-phospholipase Cβ2; TRPM5-transient receptor potential melastatin 5. Relative mRNA abundance of T2Rs (ggTas2r1, ggTas2r2, ggTas2r7; panel A), downstream signal-transduction proteins (α-gustducin, PLCβ2, and TRPM5; panel B) and T1Rs (ggTas1r1, ggTas1r3; panel C) in the upper GIT (palate, tongue and gizzard) of 21 d old broilers, with E19 broilers embryos serving as the control (relative expression set to 1; n = 6). Values are presented as mean fold change ± SEM. Differences between genes within a specific tissue: means without a common letter differ significantly (P < 0.05); differences between the tested gene's mRNA abundance and that on E19 (control day) within a tissue: means with an asterisk differ significantly from E19. PLCb2-phospholipase Cβ2; TRPM5-transient receptor potential melastatin 5.
only TRPM5 expression was significantly higher than that of α-gustducin and PLCβ2. A comparison of the 2 developmental time points showed that in the palate and tongue, α-gustducin mRNA was significantly more abundant on E19 than at 21 d, whereas in the gizzard, PLCβ2 and TRPM5 mRNA was significantly less abundant on E19 than at 21 d ( Figure 6B ). Comparing the expression of T1Rs within the tissues, ggTas1r1 expression in the tongue was significantly higher than that of ggTas1r3. Comparing mRNA abundance between the Real-time PCR of taste receptors and taste-transduction molecules showing relative mRNA expression in the lower GIT. Relative mRNA abundance of T2Rs (ggTas2r1, ggTas2r2, ggTas2r7; panel A), downstream signal-transduction proteins (α-gustducin, PLCβ2, and TRPM5; panel B)and T1Rs (ggTas1r1, ggTas1r3; panel C) in the lower GIT (duodenum, jejunum, ileum, cecum, and colon) of 21 d old broilers, with E19 broilers embryos serving as controls (relative expression set to 1; n = 6). Values are presented as mean fold change ± SEM. Differences between genes within a specific tissue: means without a common letter differ significantly (P < 0.05); differences between the tested gene's mRNA abundance and that on E19 (control day) within a tissue: means with an asterisk differ significantly from E19. PLCb2-phospholipase Cβ2; TRPM5-transient receptor potential melastatin 5.
2 developmental time points, the T1Rs showed similar results, with significantly higher abundance on E19 in the palate and tongue. No significant differences in T1Rs expression were found between E19 and 21 d in the gizzard ( Figure 6C ).
Lower GIT Expression
We compared the expression of the 3 T2Rs within each tissue of the lower GIT region. ggTas2r7 expression in the jejunum and ileum was significantly higher than that of ggTas2r1. No significant differences were found in the other tested lower GIT tissues ( Figure 7A ). Comparing mRNA abundance between the 2 developmental time points, we see significantly lower mRNA abundance of ggTas2r2, ggTas2r7, PLCβ2, TRPM5, ggTas1r1, and ggTas1r3 in the lower GIT tissues on E19 vs. 21 d (Figure 7A-C) . In all tested tissues, TRPM5 mRNA was significantly more abundant than that of α-gustducin and PLCβ2 ( Figure 7B ).
DISCUSSION
The GIT's role as a sensory organ is of major importance. It is responsible for sensing, detecting, and reacting to luminal nutritional and non-nutritional chemical signals and initiating downstream pathways, which include hormone secretion, intestinal motility and emptying, digestion and absorption activity, and more. The discovery of taste pathways in the intestine of different organisms has led to important breakthroughs in understanding molecular sensing mechanisms in the GIT (Dyer et al., 2005; Chen et al., 2006; Conigrave and Brown, 2006; Mace et al., 2007; Margolskee et al., 2007; Sternini, 2007; Glendinning et al., 2008; Jeon et al., 2008; Kidd et al., 2008; Moran et al., 2010; Janssen et al., 2011; Jeon et al., 2011; Shirazi-Beechey et al., 2011; Steinert et al., 2011; Daly et al., 2012; Yamamoto and Ishimaru, 2013) . In chickens, taste-sensing research is mainly focused on taste bud morphology, distribution and development, and different tastants thresholds (Gentle, 1971; Gentle, 1975; Gentle, 1976; Gentle and Harkin, 1979; Ganchrow and Ganchrow, 1987; Ganchrow et al., 1990; Ganchrow et al., 1991; Ganchrow et al., 1994; Ganchrow et al., 1995; Ganchrow et al., 1998; Kudo et al., 2010a; Behrens et al., 2014) . Although in mammals it is a well-established fact, evidence of the expression of taste receptors and other taste-related genes in gustatory or extragustatory tissues in chicken is scarce (Byerly et al., 2010; Kudo et al., 2010b) . This is the first study to demonstrate the expression of the 3 chicken bitter taste T2Rs-ggTas2r1, ggTas2r2, and ggTas2r7, 2 sweet/umami T1Rs-ggTas1r1 and ggTas1r3, and the downstream signaling effectors α-gustducin, PLCβ2, and TRPM5 along the chicken GIT. PLCβ2 was examines for its expression although this enzyme is a ubiquitous enzyme utilized by multiple GPCRs and is not specific for taste receptors. Several papers which studied taste related genes' expression demonstrated its expression and involvement in taste transduction in extra-gustatory and gustatory tissues, and analyzed its expression as a taste transduction gene (Jang et al., 2007; Rozengurt and Sternini, 2007; Dehkordi et al., 2012; Foster et al., 2013) These taste-related genes, detected by real-time PCR, were found at different expression levels in the palate, tongue, ventriculus (gizzard), duodenum, jejunum, ileum, cecum, and colon in both embryonic (E19) and growing (21d) broilers.
Expression of Taste Receptor and Downstream Signaling Genes in the Different GIT Regions
The bitter T2Rs were expressed on E19 in the upper GIT region (palate, tongue, and gizzard), with significantly higher expression of ggTas2r7 and the downstream signaling effector α-gustducin in the palate. This result is in agreement with the distribution of bitter taste buds described by (Ganchrow and Ganchrow, 1985) , where the upper palate contained 69% of the oral cavity taste buds (compared to only 2% in the tongue). Sweet/umami T1R expression during the embryonic period in the upper and lower GIT regions was similar among the different tissues with the exception of ggTas1r3 in the gizzard.
In the growing broiler (21d), all signaling effectors and bitter T2R genes were similarly expressed in the upper GIT region with the exception of α-gustducin, whose expression was significantly higher in the palate. Interestingly, in the lower GIT region, there was significantly higher expression of T2R genes and α-gustducin in the colon compared to the other lower GIT tissues. This suggests that the colon is of significance in luminal sensing of bitter compounds (such as toxins) in chickens. This hypothesis is supported by previous reports of bitter and fat taste receptors and signaling molecules in the large intestine tissues (cecum and colon) of different mammals; this finding was linked to the flushing of harmful substances by enhancing fluid secretion as part of the host defense mechanism during inflammation in humans and rats (Kaji et al., 2009) , and to the detection of decomposed bioactive compounds in the cecum of marmosets (Gonda et al., 2013) .
The presence of high levels of bitter taste receptors and their downstream signaling G-protein α-gustducin in the chicken colon may imply that the bitter taste pathway is involved in bacterial homeostasis and in the detection of pathogenic bacteria by sensing bacterial metabolites and toxins in these tissues. It is known that in chicken, the cecum microbiota is responsible for protecting the host against pathogenic bacterial infections (Gong et al., 2002) , making the cecum and its adjacent tissue (colon) an important location in host defense.
When comparing the expression of taste receptors and downstream signaling effectors between embryonic (E19) and growing (21d) broilers, the GIT regions showed contrasting patterns: while the palate and the tongue (the upper GIT region) showed significantly lower expression levels of ggTas2r2, ggTas2r7, ggTas1r1, ggTas1r3 at 21d compared to E19, the duodenum, jejunum, ileum and colon (lower GIT tissues) demonstrated significantly higher expression of these genes at 21 d compared to E19. The significantly higher expression of taste receptor genes in the gustatory tissues of the palate and tongue on E19 compared to 21d is in correlation with the previously described embryonic "overshoot" in taste bud counts and the pool of gustatory receptors on E19: with the initiation of taste bud development on E17, the number of taste buds increases rapidly on E17 and E18, peaks on E19, and remains relatively constant there after (Ganchrow and Ganchrow, 1987) .
The differences in gene expression at embryonic and growing stages between the palate and tongue and the lower GIT suggest a different sequence of events in the development of taste-sensing mechanisms in the GIT, where taste development in the upper region peaks earlier. This may be due to the different rate of development of the GIT in the embryonic period. In addition, the growing broiler demonstrated significantly higher expression of TRPM5 in the lower GIT tissues, similar to other mammals (Holzer, 2011) , where it serves in additional intestinal pathways such as hormone secretion (Montell et al., 2002) .
Chicken Bitter and Sweet Taste Receptors
Despite the finding that the chicken genome contains only three receptors belonging to the T2R family (bitter taste receptors) (Go, 2006; Lagerstrom et al., 2006; Shi and Zhang, 2006 ), compared to the ∼30 such receptors in mammals, the chicken's aversive response to bitter tastants is well documented, even prenatally (Gentle, 1975; Gentle, 1976; Vince, 1977 Ganchrow et al., 1990 Harlander Matauschek, 2010; Kudo et al., 2010a; Behrens et al., 2014) . The 3 T2Rs' expression levels in the different tissues were generally similar (both on E19 and at 21 d), although some tissues expressed a specific taste receptor significantly more strongly than others. For example, ggTas2r7 expression was higher in the jejunum and ileum than those of the other 2 chicken bitter taste receptors.
As for the T1R family (sweet/umami sensing), the chicken genome contains the ggTas1r1 and ggTas1r3 genes, responsible for L-amino acid sensing, but lacks the Tas1r2 receptor gene which, together with ggTas1r3, is responsible for sweet-taste sensing (Lagerstrom et al., 2006) . Despite lacking half of the Tas1r2-Tas1r3 heterodimer responsible for sweet sensing, chickens do show different degrees of preference for sucrose, fructose, and xylose (Gentle, 1972; McNaughton et al., 1978; Ganchrow et al., 1990) , and multi-unit neural activity of the lingual branch of the glossopharyngeal nerve following sucrose, glucose, and xylose stimulation of the tongue (Halpern, 1962) . Those studies, demonstrating that chickens do respond favorably to different sugars, suggest that either only one of the Tas1r2-Tas1r3 subunits is necessary for sweet-taste sensing (as suggested in mice (Treesukosol et al., 2009) or other as yet undiscovered sugar-sensing mechanisms exist. Our study is the first to show expression of T1R genes in the chicken GIT that exhibit an mRNA-abundance pattern similar to that of the T2Rs, with no significant difference in expression of a specific receptor (except for the tongue and colon where ggTas1r1 is more highly expressed than ggTas1r3).
To conclude, this study, which demonstrates taste receptor and signaling effector gene expression in the chicken GIT, in both the embryo and growing broilers, suggests that taste pathways are involved in the chicken GIT's sensing of carbohydrates, amino-acids and bitter compounds. In addition, the mRNA-abundance patterns indicate the importance of the palate and colon in taste, and possibly host-defense pathways, similar to mammals.
